A diamond-like carbon circular target is proposed to improve the γ-ray emission and pair production with lasers intensity of 8 × 10 22 W/cm 2 by using two-dimensional particle-in-cell simulations with quantum electrodynamics. It is found that the circular target can significantly enhance the density of γ-photons than plane target when two colliding circularly polarized lasers irradiate the target. By multi-lasers irradiate the circular target, the optical trap of lasers can prevent the high energy electrons accelerated by laser radiation pressure from escaping. Hence, high density as 5164n c γ-photons is obtained through nonlinear Compton back-scattering. Meanwhile, 2.7 × 10 11 positrons with average energy of 230 MeV is achieved via multiphoton Breit-Wheeler process. Such ultrabright γ-ray source and dense positrons source can be useful to many applications. The optimal target radius and laser mismatching deviation parameters are also discussed in detail.
I. INTRODUCTION
With the rapid development of laser technologies, laser intensity of 10 22 W/cm 2 has been demonstrated [1] . Extreme laser intensity like 10 23 W/cm 2 is available in the next few years, which means the electron dynamics approaching nonlinear quantum electrodynamics (QED) regime [2, 3] . Such laser intensity will allow studying bright γ-ray emission, e + e − pair production, QEDcascade and particles acceleration in laboratories [4, 5] . Intense γ-ray sources are useful for simulating the celestial process and extreme environments [6] . In the past decades, many researches focused on the γ-ray emission and pair production [7] [8] [9] [10] [11] [12] [13] . At extremely high laser intensity, nonlinear Compton scattering is an important way for γ-ray emission through colliding relativistic electrons with intense laser pulse [14] [15] [16] [17] . This high energy γ-photons colliding with lasers enables the laser energy to convert into e + e − pairs via multi-photon Breit-Wheeler (BW) process [18, 19] .
Several schemes are proposed to generate bright γ-ray and pair production via nonlinear Compton scattering and BW process. Among them, one way is to enhance the laser intensity by selecting appropriate polarized lasers [20] [21] [22] or/and focusing and redistributing the lasers energy [23] [24] [25] [26] [27] .
Another way is to change the plasma target configuration, such as one or multiple laser interaction with near-critical-density plasma [28] [29] [30] [31] , solid Al target [32] [33] [34] or gas plasma [35, 36] . Among them, laser wakefield acceleration [37] and laser ponderomotive acceleration [38, 39] are generally used to enhance electron acceleration and constraint. Recently, the radiation pressure acceleration (RPA) of ultra-thin foils is also applied to γ-ray emission and dense e + e − pairs production [40] , as it is capable of obtaining high energy electrons and quasi-monoenergetic ion beams [41] [42] [43] [44] .
However, the laser intensity 5 × 10 23 W/cm 2 is too high to obtain experimentally and on the other hand, the plane target cannot prevent the electrons from transverse escaping.
In this paper, a diamond-like carbon (DLC) circular target is presented as an alternative to prevent the electrons from escaping transversely. It is obvious that when the circular target is used, laser energy conversion efficiency to γ-photons is enhanced and the γ-photons number density is about twice higher than that of the plane target. Besides, the circular target allows an interaction with multi-lasers at the same time, the optical trap generated in situ can reduce the electrons escaping more efficiently. Eventually, an ultrabright γ-ray emission with a high density of 5164n c is obtained at 14T 0 (where T 0 is the laser period) under the laser intensity 8 The paper is organized as follows. Section 2 outlines the basic target configurations and simulation parameters. The γ-ray emission by two circularly polarized (CP) laser-driven target is also discussed in detail. Section 3 examines the ultrabright γ-ray emission and e + e − pair production through RPA by four CP lasers irradiating a circular target. Among them, the optimal target radius and the deviation of lasers mismatching are also taken into account. Lastly, a brief summary is given in Sec. 4.
II. ULTRABRIGHT γ-RAY EMISSION BY TWO LASERS IRRADIATING A CIRCULAR TAR-

GET
The 2D3V simulation results of ultrabright γ-ray emission by two laser-driven DLC target is performed via QED-PIC code EPOCH [45, 46] .
The DLC foils are ideal materials for self-supporting targets in experiments due to it's high tensile strength, hardness and heat resistance [47] . In our scheme, a circular DLC target as shown in Fig.1(b) is used instead of the plane DLC target as shown in Fig.1 (a) [40] to get brighter γ-ray
and denser e + e − pairs through RPA. The DLC target is a plasma consisting of electrons, protons and full ionized carbon ions with charge state Z i = 6 and mass m i = 12 × 1836m e , where m e is the electron mass. The density of target is n e = 200n c , mixed with 20% protons in number density, where n c = m e ω 2 0 /4πe 2 (ω 0 is the frequency and −e is the charge) is the critical density of plasma.
As Fig.1 shows, the simulation box size is 20λ × 20λ with 2000 × 1400 grid cells. Two identical CP laser pulses are incident from the center of left and right boundary of the box simultaneously.
Each laser has a peak intensity of 8 × 10 22 W/cm 2 and rises in about 1 T 0 and then keeps the maximum amplitude for 9 T 0 , where T 0 = λ/c is the laser period, λ = 1 µm is the wavelength of laser and c is the speed of light. The laser is Gaussian profile in y direction with a spot size of 4 µm
[full width at half maximum (FWHM)]. When the laser intensity is 8 × 10 22 W/cm 2 , the optimal thickness and foil gap of plane target for γ-ray emission and pair production have been studied in detail [40] . So, both targets in our scheme have a thickness of L = 0.25 µm and the coordinates of the target centre is (x, y) = (10 µm, 0). The foil gap is G = 13.5 µm for the target and the radius is R = 5 µm for circular target. Note that, only the γ-photons whose energy is larger than 1 MeV are counted in the following simulations.
x(µm) In the initial stage, the electrons, carbon ions and protons are separated and form a big charge separation field resulting in an inefficient acceleration of electrons due to the heavier carbon ions by using of DLC target. As time goes on, most of the laser waves penetrates through the target and begins to collide with the relativistic electrons accelerated by opposite laser from the other side through RPA. At this point, high energy γ-photons is generated through NCBS. When the high energy γ-photons collide with the lasers, the e + e − pairs is produced via multi-photon BW process. For the plane target, the laser intensity along the axis increases since the laser is further focused in the inner surfaces as the target undergoes significant deformation. So, a large number of electrons escape from the foil, which result in a low density of γ-ray, as shown in Fig.2 (a). The circular target we proposed can enhance the γ-photons density to 800n c which is about 2 times the γ-photons density of plane target. There are two reasons for this enhancement. On the one hand, the circular target structure can slow down the laser pulse focusing and laser intensity increasing which will reduce the electrons escaping. On the other hand, the lasers pull the electrons out of the circular target continually and replenish the electrons source when the foil deforms and γ-ray emits. Besides, the high density γ-ray, shown in Fig.2(b) , can sustain about 5T 0 which may become a stable γ-ray source in the future laboratory.
The laser energy conversion efficiency to γ-photons for plane target (the blue triangle curve) and circular target (the red circular curve) is plotted in Fig.2 (c). The energy conversion efficiency of laser-to-photons for the plane target is about 6%, which is comparable with the 3D simulation result of Ref. [40] . It is evident that the circular target can significantly enhance the energy conversion efficiency of laser-to-photons to about 9% as time goes on. However, compared with the plane target, the lower laser intensity caused by circular structure also reduces the cutoff energy of electrons and γ-photons at the same time.
While the lower γ-photons energy may reduce the possibility of e + e − pairs production to some extent, the circular target irradiated by multiple lasers has still an obvious advantage that can be seen in the following study. It not only affords a stable and high density γ-ray source but also provides a chance to get higher density γ-photons and more e + e − pairs.
III. γ-RAY EMISSION AND e + e − PAIRS PRODUCTION BY MULTI-LASERS DRIVEN CIRCU-LAR TARGET
In order to demonstrate the enhancement of ultrabright γ-ray emission and dense e + e − pairs production by multi-lasers driven DLC circular target, we perform the 2D3V simulation using QED-PIC code EPOCH. The simulation parameters are the same as presented in section 2 except that two additional CP lasers are incident from the center of up and down boundary of the simulation box and these two lasers are Gaussian profile in x direction.
A. γ-ray emission Figure 3 presents the transverse electric field (a-c), electrons density (d-f) and photons density (g-i) distribution of circular target at different stage. The probability rate for γ-ray emission in the QED regime is determined by a quantum invariant
where a s = eE s /m e cω 0 = m e c 2 / ω 0 is the normalized QED critical field, E s = m e c 3 /( e) = 1.32×10 18 Vm −1 is the Schwinger field [48] , ε e − = γ e − m e c 2 is the electron energy, γ e − is the Lorentz factor, P e − is the electron momentum, E and B are the electromagnetic fields. Laser energy conversion efficiency to γ-photons (c). The density is normalized by the critical density n c .
we know that χ e − 0 and almost no high energy γ-photons is produced if the electrons interact with co-propagating lasers. When the electrons collide with the counter-propagating lasers, the quantum invariant χ e − can be χ e − 2γ e − E/E s . Hence, the γ-ray emission is generated if χ e − ≥ 1, which rely on the electrons energy and electric field intensity of lasers.
At the first stage, the initial circular target is distorted to be the four cone structures by the four lasers. Some electrons are first pulled out from the inner wall of target and then rapidly accelerated to high speed by the laser pressure and form overdense relativistic electron layers, as shown in Fig.3(d) . A big charge separation field is formed meanwhile due to the heavy protons and heavier carbon ions of DLC target materials which in turn pull ions forward. The accelerated electrons interact with the reflected laser waves resulting in γ-ray emission by NCBS, as seen in Fig.3(g ).
As shown in Fig.3(b) , the lasers in cone top are further focused and the intensity is enhanced when the target is expanding. So, the central residual electrons of the target are pulled off, as shown in Fig.3(e) , and the relativistic transparency of the DLC target occurs now, which means the 6 y(µm) lasers will penetrate through the target and collide with the counter-propagating electrons at about 14T 0 . Through the NCBS, the γ-ray emission is enhanced resulting in a ultrabright γ-ray with a high peak density of 5164n c , see Fig.3(h) . At 14T 0 , for two-lasers driven DLC circular target, the photon peak density is 1914n c . This indicates that the peak density of photons is increased about 2.7 times when other two lasers are injected on side. In addition, the high density γ-photons can sustain about 20 fs. One reason for these benefits is the escaped electrons with transverse velocity will also interact with side lasers to realize the γ-ray emission enhancement. Another more important reason is that the optical traps created by multiple lasers prevent the electrons escaping from the region of maximum laser intensity.
Due to the limitation of our computer sources, here we only present a 2D optical trap with four lasers in Fig.4 , which is a mimic of a real 3D optical trap formation by six laser beams. Some striking features are kept in our 2D simulations. It was shown that the lattice-like magnetic field lasers are fully overlap and the magnetic field B z is enhanced from 300 MG to about 700 MG, which is beneficial for trapping electrons and maximising the γ-ray emission. It is obvious that the different lattice-like optical trap structures at different stage correspond to different lattice structures of density distributions of electrons and γ-photons, which can be seen by comparing Fig.3 and Fig.4 . This confirms our judgement more efficiently that the optical traps created by multiple lasers are the main reason for γ-ray emission enhancement.
The lattice-like optical trap structure is diffused and the B z is reduced as well, as shown in Fig.4(d) . In this last stage, after the lasers penetrating across the central intersection area, the overlapping area of lasers would be reduced gradually. The lasers push the electrons and γ-photons away from the center which results in a low number density of electrons and γ-photons, as shown in Fig.3(i) . The growth rate of electrons and γ-photons number at different times is presented in Fig.5(a) . It can be seen from this that the total γ-photons number is 7.5 × 10 14 , which is enhanced by over an order of magnitude compared to the γ-ray source in Ref. [40] . Besides, the average energy of obtained γ-photons can be about 16 MeV, which can be seen in Fig.7 (b). Above all, 7.5 × 10 14 γ-photons with average energy 16 MeV is obtained via multi-lasers driven DLC circular target. The maximum density of γ-ray can be 5164n c at 14T 0 , which can be as an extremely dense and ultrabright γ-ray source for future application. This high quality photons will also have a significant benefit for pair production in BW process.
B. Dense e + e − pairs production
In the QED region, multi-photon BW process is an very important mechanism for pair production through photon-photon annihilation (γ + n ω l → e − + e + ). The probability for pair production via multi-photon BW process is determined by another quantum parameter
2 )E/E s , here, ε γ = ω γ , P γ = ω γ /c (ω γ the photon frequency). So, the pair production depend on the photons energy ω γ and electric field E in interaction zone. The energy spectrum of positrons at different times has also be plotted in Fig.6(c) . The maximum energy of positrons obtained can be as high as GeV at 14T 0 . However, this higher energy positrons also oscillate in laser field and emit γ-ray resulting in a decrease of cutoff energy as time goes on. Beyond that, there is a monoenergetic peak at 200 MeV, which means monoenergetic positrons can be achieved through our scheme. The significant increase of positron number through this process is plotted in Fig.6(d) , which shows that the final number of positrons is 2.7 × 10 11 . Besides the mean positron energy can be 230 MeV at 17T 0 . Note that the third dimensional size is assumed as 4 µm according to the laser spot size and the positron distribution in order to a reasonable mimic of full 3D reality as much as possible.
To make the entire process more intuitive, we also calculate the time-dependent of laser efficiency to electrons, to γ-photons and to positrons. The general finding is that the laser energy conversion efficiency to γ-ray and positrons have a rapid growth in the second stage. As time goes on, the total laser energy conversion efficiency to γ-photons and positrons are about 27% and 0.2%, respectively, which is a really high exploitation of laser energy.
C. The effect of the target radius on γ-ray emission and e + e − pairs production
In our previous simulations, the circular target radius is chosen as 5 µm. Actually the radius of circular target plays an important role in γ-ray emission and pair production in real application. spot size. When the radius is small, the number and accelerating distance of electrons under target is reduced accordingly, which means a low energy of produced electrons resulting in a low rate for the γ-ray emission. However, if the radius is large, the transverse Rayleigh-Taylor-like instability develops quickly [49, 50] , which will also lower the energy of electrons resulting in a undesirable γ-ray emission. So, the ultrabright γ-photons can be achieved when the laser field and circular structure collimate the electrons together. On the other hand, the laser-to-photons energy conversion efficiency is considerable when R = 5 µm. It means the optimal target radius is 5 µm for γ-ray emission when both the number and average energy of γ-photons are taken into account.
However, the average energy of γ-photons has a slow decrease as the target radius increases appropriately, as shown in Fig.7(b) . The reason is that more high energy γ-photons are used for pair production by multi-photon BW process, although the electrons accelerating and high energy γ-ray emission become more significant as radius increases. As shown in Fig.7(b) , when R ≥ 4 µm, the average energy of γ-photons decreases as R increases. However, the number and average energy of positrons have a significant increase as R increases when R ≥ 4 µm. It is obvious that the positron yield and average energy are almost the minimum value when the number density of photons and laser-to-photons energy conversion efficiency are maximum, comparing the Fig.7(b) with Fig.7(a) . So, the circular target radius should be increased appropriately if it is designed for pair productions.
D. The effect of incident laser beam mismatching
In experiments, the deviation of incident lasers becomes a key issue for pair production. In order to check the influence of the mismatching of lasers on the γ-ray emission and pair production, we assume one laser is incident with a deviation C, where C is a transverse offset compared to initial ideal case.
The deviation of lasers will reduce the collision interaction of lasers and high energy γ-photons, which maybe decrease the probability of pair production. As Fig.8(a) shows, the laser energy conversion efficiency to electrons, γ-photons and positrons at 17T 0 are diminished as C increases.
Besides, the number and peak density of positrons are also reduced as C increases, as shown in Fig.8(b) . Above all, both the ultrabright γ-ray source and high quality positrons can be obtained if the deviation of lasers is controlled within 1 µm.
IV. SUMMARY AND CONCLUSION
In summary, a DLC circular target is proposed to replace the plane target and to enhance the γ-ray emission and e + e − pairs production in present study by using the 2D3V QED-PIC code target. The maximum density of γ-photons can be 5164n c at 14T 0 , which may be ultrabright γ-ray source in the future application.
Compared with the two laser-driven circular target, we found the number and density of γ-photons has a nonlinear growth when another lasers is incident. These high quality photons collide with lasers resulting in above 20n c dense positrons via multi-photon BW process. As time goes on, the total positrons with average energy 230 MeV yield can be 2.7 × 10 11 . Furthermore, the optimal radius of circular target for γ-ray emission and pair production has also been analyzed and discussed respectively. For γ-ray emission, the optimal radius of target should be 5 µm. However, the radius should be increased suitably if one need more positrons. Lastly, the deviation of lasers is considered for real application, we found there is almost no effect on γ-ray emission and pair production if the deviation of lasers is controlled within 1 µm. 
